ABSTRACT Mantles from freshwater clams develop potential differences (PD'S) between the two surfaces when they are bathed in vitro with artificial saline solutions. The magnitude and polarity of the PD is dependent on [Ca ~+] in the solution bathing the mantle's shell surface. When the solutions are gassed with 5 % CO2 in oxygen, the PD is in the range 25 to 50 mv, shell side positive. It decreases if [Ca 2+] in the shell solution is elevated. The concentration dependence is logarithmic with a slope of about --27 mv per 10-fold change in [Ca~+], slightly less than predicted by the Nernst equation for a membrane acting as a calcium electrode. Analysis of the electrical behavior both in intact mantles and in isolated epithelia indicates that most of the PD develops across the external membranes of epithelial cells on the shell side. There is no evidence that an active calcium transport system is involved in electrogenesis, and a model based on calcium diffusion across a selectively permeable membrane can explain existent data. If CO~ is absent, the mantle PD is very small (2-10 my), but still sensitive to change in external [Ca2+]. It is proposed that CO2 alters intracellular pH, thereby changing the equilibrium between a large store of nonionized calcium and [Ca 2+] in the cells. A role for carbonic anhydrase in the CO2 effect is suggested by the action of a specific inhibitor of this enzyme. The diffusion model predicts that increasing ionized calcium should increase the PD as is actually observed. Some implications of this system for the physiology of calcium movement in vivo are discussed.
at the body surface must be calcium-permeable in order that absorption balance losses in the urine and by diffusion. The gills and gut are possible sites of uptake from the environment; so is the mantle, one surface of which is bathed by external medium circulating through the mantle cavity. An in vitro preparation developed by Hiram (1953) was used by Jodrey (1953) and Wilbur (1960) to show that calcium movement from mantle cavity to extrapaUial fluid can take place directly through the mantle of the oyster, Crassostrea virginica. Calcium translocation through isolated mantles of freshwater clams has also been demonstrated (Istin and Maetz, 1964; Kirschner and Sorenson, 1964) . Whether these fluxes are mediated by a transport mechanism or reflect a passive calcium permeability remains to be demonstrated. One of the parameters that requires characterization is the potential difference (PD) across the mantle.
Several investigators have reported that isolated clam mantles develop a PD, but quantitatively, results have varied greatly in different laboratories. Lund (1947) showed that when a very small volume of tap water bathed both surfaces, the mantle developed a PD of 30-40 my, shell side positive to cavity side, but this decreased rapidly and approached zero within an hour. When the tissues were bathed by a large volume of buffered, CO~-free Ringer's solution containing 1 m_u calcium, the PD was much smaller (2-10 mv), but had the same polarity and was stable for many hours (Kirschner et al., 1960) . When [Ca ~+] was increased in the cavity solution the PD increased; a comparable change in the shell solution caused it to fall. Istin and Maetz (1964) also used a Ringer solution to bathe mantles, but their solutions were buffered with CO,/bicarbonate. With 1 mM calcium in the bathing solutions these preparations had stable PD'S in the range 30 to 50 mv. They did not report results when the [Ca 2+] was changed in one solution at a time, but when it was increased simultaneously in both solutions the PD decreased, and in the range 12 to 16 meq/liter the polarity reversed. The significance of these differences in stability, magnitude, and concentration dependence will be assessed later. For the present, it suffices to observe that there is agreement on two points: when mantles are bathed by solutions with low calcium concentrations their shell sides are positive to cavity sides, and the transmantle PD is calcium-dependent.
Bioelectric potentials usually arise as a consequence of ion movement, due either to diffusion or to active ion transport. Electrogenesis in most preparations involves fluxes of Na +, K +, or C1-. However, the rapid translocation of calcium across the mantle and the concentration dependence of the PD both suggest a relationship between calcium mobility and electrogenesis. Preliminary examination of fluxes and potentials has been reported by Istin and Maetz (1964) . The present paper describes (a) the electrical profile through the intact mantle, and the site of electrogenesis; (b) the locus of action of calcium a n d COs ; (c) a model for electrogenesis in this preparation. A detailed study of calcium fluxes u n d e r c o m p a r a b l e conditions has been u n d e r t a k e n a n d will be r e p o r t e d elsewhere.
M E T H O D S
The clams, Anodonta grandis and Amblema costata, I were obtained from a biological supply house and stored at 15°C -4-1 °C in tap water. Animals were used only if they showed adduction of the valves on being handled. Periodic checks showed that there was ciliary action in the gills and mantles even after prolonged storage of the animals. The mantles appeared to be viable in vitro since they consumed oxygen for many hours after excision. Ciliary action also continued after pieces of mantle had been immersed in experimental media.
The Ringer solution used was made up to approximate the ionic composition of hemolymph (Potts, 1954; Istin, 1964) . Its composition is given in Table I . This solu- tion was equilibrated with 5 % CO, and had a pH of 7.2. In many of the experiments [Ca *+] was decreased; mannitol was added to maintain a constant osmotic pressure. Chloride concentration was also lowered in these experiments but unpublished studies showed that wide variation in concentrations of CI-, Na +, and K + had little electrical effect. Most of the solutions were gassed with a mixture of 95 % O~-5 % CO2 (carbogen). When changes in CO, tension were studied, variable O~-CO~. mixtures were prepared with flowmeters. Gasses were led from tanks through the meters into a mixing vessel where they were saturated with water vapor, then passed through the chambers. Flowmeter accuracy was specified as 0.5 % full scale which, even at low flow rates, would give CO2 concentrations accurate to within a few per cent. Electrical measurements were made on two preparations. Onewas an intact halfmantle obtained by separating it from the body mass as close as possible to the valve hinge. Since this preparation is not very well-known to physiologists, a cross-section is shown in Fig. 1 . It comprises two unicellular layers of cells, one bordering the mantle cavity, the other the shell. A broad interstitial region, through which hemolymph normally flows, separates the cell layers. For measuring the transmantle PD the tissue was clamped between a pair of Lucite chambers each filled with a bathing solution. The arrangement of chambers and reservoirs was essentially that used for studying ion transport in such epithelia as frog skin; it needs no elaboration here. However, it is worth noting that this system, with electrodes in the bathing solutions, comprises five compartments with four membranes in series.
T A B L E I I O N I C C O M P O S I T I O N O F T H E B A S I C M E D I U M U S E D T O B A T H E M A N T L E S
The other preparation was an isolated cell layer obtained from the mantle by dissection. To prepare it an excised mantle was placed on a layer of wax in a Petri dish and covered with oxygenated saline solution. Under a binocular microscope the upper epithelium was carefully removed without damaging the sheet of cells in contact with the wax. An area of 3-4 cm 2 could be prepared within about 30 min. Both epithelial layers were isolated for study by this procedure, but since one cell layer was destroyed, shell and cavity preparations did not come from the same mantle. The isolated epithelia were mounted in chambers exactly like intact mantles.
Many of the electrical measurements were made with a triple electrode system previously used for experiments on frog skin (Steinbach, 1933; Jangt~ek, 1962) . Agar bridges in each bathing solution were connected through calomel electrodes to a potentiometer. In addition, a strip of mantle tissue hanging below the chamber dipped into a saline-filled well which was also connected to the potentiometer through a calomel electrode as shown in Fig. 2 A. A three way switch permitted measurement of the PD between any pair of electrodes. The two electrodes in the bathing solutions sensed the total PD across a mantle or isolated epithelium. This was resolved into two steps (called partial potential differences o r PPD'S), one between each bathing solution and the common tissue electrode.
Although the work cited above shows that the frog skin PD can be resolved into two PPD'S, these can be assigned to specific loci (e.g. epithelial layers in a mantle) only if certain conductance relationships hold in the pathways for current flow between the common electrode and the tissue above. One of these is through a film of
C;
TIlE JOURNAL OF GENERAL PHYSIOLOGY • VOLUME 5 I I968 liquid adhering to M1 into chamber 1; a second is through the corresponding fihn on M2 into chamber 2; while the third is through the cut end of the tissue into the region between M~ and M> An equivalent circuit is shown in Fig. 2 B. It is clear that if the resistances through the external liquid films (Rcl and Rc2) are much higher than through the tissue (R1), the PPD between the common electrode and either bath is the potential change across the corresponding M. For a tissue in which this is true, the c o m m o n electrode affords electrical entry into one of the internal compartments otherwise accessible only to inicroelectrodes. W h e n the triple electrode system is used with intact mantles, MI, and M2 are the cavity and shell epithelial layers. If c2 the conductances are as described, the Ppn's will be the transepithelial en's across cavity and shell cell layers. Since these can be isolated, this possibility can be tested by comparing the magnitudes of PPD'S with transepithelial PD'S in Ringer's solutions with different calcium concentrations. M e m b r a n e potentials were measured in isolated single cell layers by means of microelectrodes. T h e latter were drawn from glass tubing (diameter 0.7 mm) on an automatic electrode puller. Their tip diameter was less than 1 /~, and they had resistances of 10 15 megohms when filled with 3 M KC1. T h e electrodes were filled with ethanol under vacuum, then placed in boiling 3 M KC1 to replace the alcohol with electrolyte. T i p potentials were small, usually between 1-5 mv (an uncompensated tip potential of about 1 inv can be seen at the beginning of the recording in Fig. 8 ). T h e electrodes were mounted on a microinanipulator capable of finely graded vertical inovement. Their output was fed through a cathode follower and amplifier (Medistor A35) with input impedance of 500 megohms. In these experiments an epithelium was stretched across an open chamber constructed so that the tissue separated upper and lower solutions. The most stable results were obtained when the electrode was displaced downward through the tissue until it entered the lower solution, which also contained a reference electrode. It was then withdrawn slowly, and readings were taken during the upward movement.
The experiments were conducted at 21-23°C.
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Influence of [Ca 2+] on Total and Partial Potential Differences in Intact Mantles
Istin and M a e t z showed that the total (transmantle) PD decreased w h e n [Ca 2+] was increased in the bathing solutions. It a p p r o a c h e d zero in the range 12 to 16 meq/liter, and reversed polarity at still higher concentrations.
A similar e x p e r i m e n t is shown in Fig 3. W i t h the same c o n c e n t r a t i o n (
2.4 m e q / l i t e r ) in both solutions the t r a n s m a n t l e PD was 32 mY. C a l c i u m was elevated in a series of steps t h r o u g h the range 2.4 to 12 m e q / l i t e r , a n d the PD was m e a s u r e d after each increment. Changes were m a d e simultaneously in b o t h solutions so that no concentration difference existed across the tissue at a n y stage. T h e figure shows a nonlinear decrease that can be represented logarithmically with a slope of a b o u t 33 m v per 10-fold c o n c e n t r a t i o n change.
In similar experiments on seven mantles the mean concentration dependence was 27.2 q-4.6 mv (sE) per 10-fold concentration change.
The triple electrode system was employed to investigate the electrical response to changes in [Ca ~+] in one solution with the other constant. Fig. 4 shows data from a typical preparation. With [Ca ~+] = 1.2 meq/liter on both sides the transmantle PD was 28 Inv. The shell side PPD was 33 mv while the cavity PPD was 5 mv, with the tissue negative to both solutions. When shell side [Ca 2+] was increased, the transmantle PD as well as the shell PPD decreased. The concentration dependence of both was logarithmic and resembled the one shown in Fig. 3 when both solutions were changed. As shown in Table II mantles was 26.8 + 3.1 mv which is not significantly different from the corresponding value for the transmantle PD. In contrast, the cavity PPD was little affected by changes in the shell side [Ca2+] . In the experiment shown in Fig. 4 it increased about 3 m y over the entire range, but even this small variation was not reproducible. It decreased slightly in a few experiments and did not change in others. The transmantle and both PPD'S were much less sensitive to changes in [Ca ~+] in the cavity bathing solution. Fig. 5 shows the results of an experiment in which [Ca 2+] was fixed at 12 meq/liter in the shell bathing solution and was initially 2.4 meq/liter on the cavity side. These conditions are similar to those in the last measurement shown in Fig. 4 , and as expected, the PD'S were all small. When cavity concentration increased, the transmantle PD increased, and the change (9 my over the entire concentration range) appears to be a
concomitant of an increase in cavity PPD. If the same experiment is performed with low [Ca ~+] in the shell solution, the transmantle and shell PPD are both much higher at every cavity concentration, but there is still only a small change when the latter is varied.
Influence of [Ca 2+] on Transepithelial and Membrane Potential Differences in Isolated Epithelia
It appears possible that the PPD'S described above are really transepithelial potential differences across the two cell layers. Data from experiments on isolated epithelia support this premise. Shell epithelia bathed by low calcium Ringer's solution on the external (shell) side invariably had large PD'S, shell side positive to interstitium. The PD varied inversely with external [Ca2+]. Fig. 6 shows the results of one such experiment in which the transepithelial PD was 38 mY initially, but dropped to about 8 my when the concentration in the shell bath was increased from 2.4 to 12 meq/liter. Table II shows mean values for the total PD at [Ca ~+] = 2.4 meq/liter and for the concentration dependence in isolated shell epithelia. Values are also given for shell side PPD'S of intact mantles. There are no significant differences between corresponding parameters in the two preparations. Isolated cavity epithelia had much smaller transepithelial PD'S at low external calcium concentrations, and their polarities were variable; in seven preparations the interstitium was positive to the external bath by a few millivolts, but in three others the reverse was true. Elevation of [Ca *+] in the cavity solution usually caused the potential of the interstitium to increase slightly. Data from one epithelium are shown in Fig. 7 . Thus the magnitude and calcium sensitivity of the PD on the cavity side are much less than on the shell side, and it is worth noting that the three electrode system on the intact mantle gives the same information as is obtained with external electrodes across the isolated cell layer. Both methods show that this PD is small (0-5 mv), and only slightly sensitive to external [Ca~+] . The curve labeled "cavity" in Fig. 5 can be compared with Fig. 7 to illustrate these points. In a preparation only one cell layer thick it is a reasonable working hypothesis that a potential difference would occur across one or both of the membranes separating the cytoplasm from the external and interstitial bathing solutions. This was tested with microelectrodes in the following experiments. Fig. 8 shows the potential profile obtained when a microelectrode moved through a shell epithelium. Initially, both microelectrode and reference electrode were in the interstitial solution ([Ca *+] = 12 meq/liter), and, apart from a small electrode asymmetry, the system was isoelectric. The microelectrode was then withdrawn slowly (see Methods), and a PD of 8 mv developed abruptly. Electrode movement was stopped, and it can be seen that between interstitium and cells, and a much larger one between cells and external bathing solution. Table III shows the sensitivity of the membrane PD'S to [Ca ~+] in the shell bathing solution. The tissues were set up with 2.4 meq/liter on the shell side and 12 meq/liter on the interstitial side. A microelectrode was inserted into the cell layer, and PD'S were measured between it and a reference electrode in each bath as well as between the two external electrodes. It can be seen that the mean PD on the shell side (31.8 my) was almost three times that on the cavity side (12.0 mv) in agreement with the results shown in Fig. 8 . When ~Ca 2+] in the shell solution was augmented to 12 meq/liter the shell side PD dropped to 14.8 mv, and this was accompanied by a corresponding decrease in the total PD across the epithelium. The change of 17 my in shell membrane PD is very close to that predicted by the Nernst equation for a fivefold change in calcium concentration (18 my). The probable significance of this will be discussed later. T h e mean interstitial PD was also lower when [Ca 2+] was elevated, but the difference was small and not statistically significant. In two preparations interstitial [Ca 2+] was decreased to 2.4 meq/liter at this stage with little effect on either membrane PD. It would appear that they are not dependent on calcium concentration in the interstititum although more data are needed to establish this.
Three isolated cavity epithelia were also examined in the same way. Both membrane potentials were small (less than 10 mv in all cases with the cell negative to both baths). Variations in [Ca 2+] had little effect, and this tissue was not investigated further. 
T A B L E I I I T R A N S E P I T H E L I A L A N D M E M B R A N E P O T E N T I A L D I F F E R E N C E S I N I S O L A T E D S H E L L E P I T H E L I

Influence of COs and Bicarbonate on Mantle Potential Differences
It has been observed (Kirschner et al., 1960 ) that mantles developed much larger potential differences when the solutions were gassed with carbogen rather than with air or pure oxygen. This phenomenon has been examined in more detail in the following experiments. Mantles were set up with two modifications in the procedures used above. Bath calcium concentration was maintained at 4 meq/liter in both chambers, and the solutions were gassed with air. Under these conditions the total mantle PD and shell PPD were both much reduced and usually fell in the range 0 to 10 my; cavity PPD'S were about the same as when carbogen was used. Variations in the concentration of bicarbonate through the range 2.9 to 10.8 meq/liter had no effect. Fig. 9 shows the results of one such experiment in which [HCOs] was 6.6 meq/liter initially. It is apparent that both the cavity and shell partial potentials were small and the polarity of the latter was opposite to that always seen in mantles exposed to CO2. At the first arrow the [HCO~] was increased to 9.2 meq/liter with no effect. At the second arrow the air stream was replaced by carbogen in the shell chamber only, and the shell partial PD rapidly reversed polarity and rose to a value typical of those seen in previous experiments. The cavity PPD showed no striking change on admission of CO2. W h e n carbogen was replaced by air (third arrow) the shell partial potential fell rapidly. Thus, the action is clearly dependent on dissolved CO2, not on ionic bicarbonate, and it is completely reversible. W h e n carbogen was passed through the cavity solution (air through the shell) there was no change in the PD'S (fourth arrow).
T h e dependence of the potential difference on COs tension was delimited by using variable mixtures of COs a n d Oz. T h e PD increased nonlinearly with [COs] as shown in Fig. 10 a n d it appears to approach an upper limiting value at 4 -5 % . W h e n the data in Fig. 10 are plotted as reciprocals, a straight line obtains suggesting that the m a g n i t u d e of the PD m a y be d e t e r m i n e d by the rate of some e n z y m e reaction. C a r b o n i c a n h y d r a s e is present in high concentration in m a n t l e tissue (Maetz, 1946; Stolkowski, 1951) , a n d Fig. 11 shows t h a t a m a n t l e t r e a t e d with D i a m o x ( 5 -a c e t a m i d o -1 , 3 , 4 -t h i a d i a z o l e -2 -s u l f o n a mide), a p o t e n t carbonic a n h y d r a s e inhibitor, develops a m u c h lower potential difference t h a n on u n t r e a t e d p r e p a r a t i o n at every CO2 tension o v e r the r a n g e employed.
D u r i n g a series of e x p e r i m e n t s with m e t a b o l i c inhibitors it was found t h a t w h e n dinitrophenol was a d d e d to mantles gassed with air or 02 the transm a n t l e I'D increased m a r k e d l y . As shown in Fig. 12 the c h a n g e a p p e a r s to be d u e to an increase in shell PPD. E x c e p t for a m u c h slower d e v e l o p m e n t the action of dinitrophenol resembles that of CO2 in a u g m e n t i n g the eD in the absence of this gas, a n d in c h a n g i n g only the shell eeD.
DISCUSSION
The structure of the clam mantle, which consists of a single layer of cells bordering each side of the sheet of dssue, makes interpretation of electrical data difficult. ~Vhen the intact preparation is clamped between external solutions, it comprises a five compartment system with four membranes in series. There is easy access only into the two external chambers, although electrical entry into all compartments is possible if microelectrodes are used. However, three types of observations indicate that the triple electrode system provides adequate electrical entry into the interstitial region. In the first place, the morphology of the tissue (Fig. l ) is compatible with the necessary conductance relationships (Fig. 2 B and the description in Methods). Since there are no structural barriers, the interior of the tissue should offer a lower electrical resistance into the interstitium than the exterior liquid films between tissue electrode and bathing solutions. More direct evidence comes from the work of Lund who actually inserted a microelectrode into the interstitium. He found that most of the mantle PD is generated across the shell surface which is in accord with the data obtained with the external electrodes. But the most convincing demonstration is the excellent quantitative agreement between the PPD' S of intact mantles and the transepithelial PD'S across isolated cell layers. Thus, this system provides data that can be interpreted, with a reasonable degree of assurance, as potential differences across the two cell layers.
The mantle's electrical behavior indicates that the main electrogenic step occurs on the external membrane of the shell epithelium. T w o types of experiment implicate this cell layer rather than the one facing the mantle cavity. One type shows that the total mantle PD is very sensitive to calcium and COs concentrations in the solution bathing the shell side; it is much less influenced by calcium and is practically indifferent to COs in the cavity solution. The other type shows that the transepithelial PD on the shell side accounts for most of the total mantle PD at low calcium concentrations, and its concentration dependence (26.8 4-3.1 mv in eight experiments on intact mantles) is nearly the same as that for the total PD (27.2 4-4.6 mv on the same preparations). Microelectrode data from isolated shell epithelia indicate that the external membrane, not the one bordering the interstitium, is the important one. Most of the transepithelial I'D at low calcium concentrations is developed across the outer membrane, and changes induced by varying external calcium also occur there.
Whereas the site of electrogenesis can be delimited, the underlying mechanism is completely unknown. However, the experiments described here, together with some still unpublished, provide enough information to permit us to construct a tentative model. One possible basis that must be considered is active calcium transport because there is little doubt that transport systems are involved in the electrical behavior of many epithelia. If the clam mantle contains a transport system for moving calcium from hemolymph to shell, it might be involved in developing the electrical asymmetry observed. However, tracer data show that fluxes are rapid in both directions, and calculations based on the flux ratio criterion of Ussing (1949) are consistent with passive movement (Istin and Maetz, 1964) . There is also no sign that metabolism is linked to electrogenesis as it must be if active transport is involved. Some metabolic inhibitors (iodoacetamide, cyanide) abolish the transmantle PD, but they also augment tracer fluxes and sharply reduce PC resistance indicating that their effect is probably on the mantle's permeability (unpublished observations) . Dinitrophenol causes an increase in PD rather than a reduction, an action that is discussed later, but which is certainly not easily interpreted in terms of its ability to lower the A T P level in cells.
Two observations are better rationalized in terms of calcium diffusion across a highly permeable membrane. The large PD obtained when [Ca 2+] in the shell solution is low, decreases when the concentration is raised. As sufficiently high concentrations its polarity even reverses (Istin and Maetz, 1964) . Since the shell bathing solution is the sink rather than the source of calcium under aerobic conditions (i.e. net calcium movement is toward the shell) it is difficult to understand why a transport-dependent PD should be sensitive to changes on this side. In preparations known to generate a I'D at the expense of ion transport, concentration changes in the sink (e.g. the inside of a frog skin or toad bladder) have little electrical effect. On the other hand, if the mantle PD is a consequence of calcium diffusion across a permeable membrane it should vary with changes on both sides of the diffusion barrier, and since the external membrane on the shell side has been implicated changes in the shell bath should be effective. Another important observation is that the concentration dependence of the PD approaches 29 mv per 10-fold concentration change. These data are consistent with the behavior of a system readily permeable to calcium but only slightly to its counterions.
The following provisional model incorporates our observations as well as those of other investigators working on lamellibranch mantles. Three of the membranes appear to play only a small role in generating the mantle PD. These include both membranes in the cavity epithelium and the interstitial membrane of the shell epithelium. The external membrane on the shell side is known to be very permeable to calcium, much more so than the others (Istin and Maetz, 1964) , and it is across this boundary that most of the PD develops. At this point we make a pair of assumptions which are not unreasonable, but for which no evidence is available. The first is that the electrogenic membrane is nearly impermeable to intracellular anions, or that if they penetrate the flux is tightly coupled to the movement of a cation in the same direction or an anion moving in the opposite sense so that no charge is transferred. The other
• [968 is that the intracellular concentration of ionized calcium is in the range 12 to 16 meq/liter. This value is unknown because of the technical difficulties involved in its estimation, but the value chosen is close to that of the hemolymph in clams (Potts, 1954) . In vivo, the concentration of ionized intraceUular calcium is maintained constant because it is in equilibrium both with the hemolymph and with a large store of nonionized calcium in the tissue. The latter may constitute as much as 90o-/o of the total quantity present in freshwater clams (Istin, 1964) and in oyster mantles (Jodrey, 1953) . In vitro, the stored calcium suffices to maintain ionic levels nearly constant for many hours, even though there is a net loss to the bathing solutions. In such a model calcium would tend to diffuse out of the ceils, primarily across the shell membrane, as long as its concentration in the external bath is less than 12-16 meq/liter. This would set up a diffusion potential, and if the leak conductance to anions is very low its value at any external [Ca '+] should be approximated by the Nerst equation
where ac and a, are the intracellular and external activities (concentrations) of ionic calcium on the shell side, ~bc and ~b, are the corresponding electrical potentials, and the other symbols have conventional meanings. This model accounts for the following observations: 1. The sensitivity of the PD tO [Ca 2+] in the shell bathing solution, as well as its relative insensitivity to changes in either cavity bath or interstidum. 2. The slope of the concentration dependence which is a little less than the 29 mv predicted by the Nernst equation probably because the membrane is slightly permeable to other ions. 3. The approach of the PD tO zero when the external concentration is 12-16 meq/liter. 4. The ready reversibility of net calcium movement, a phenomenon that is discussed below. In addition, such a model can accommodate the results of the CO~ experiments with a minimum number of ad hoc hypotheses. Since CO~ is a weak and readily diffusible acid, tissue pH should depend on its concentration. An equilibrium between ionic and nonionic calcium must be sensitive to local pH, and hence to CO2 tension. When the latter is increased over the range employed in our work, ionized intracellular calcium concentration rises. Thus, varying [CO~] in the shell bathing solution is equivalent to changing a, in the Nernst equation. Inhibition of the CO2 effect by Diamox adds another component to the model by suggesting the intervention of carbonic anhydrase in CO~. hydration after penetration. This is not the sole evidence that the enzyme plays a role. It is present in high concentration in several mantles (Maetz, 1946; Freeman and Wilbur, 1948; Stolkowski, 1951) , and Diamox has been shown to interfere with calcium transloeation in the oyster (Wilbur and Jodrey, 1955) If the model is valid, the rate of metabolic CO, production should be one of the factors controlling the PD in the absence of an external source of the gas. In fact, this can explain the unexpected augmentation of the PD when dinitrophenol was added to mantles in CO,-free solutions. The action of this compound on respiratory metabolism is well known and the usual acceleration (three to four times) has been measured in both oyster (Maroney et al., 1957) and clam mantles (unpublished data).
It is also notable that such a model would predict the differences in results reported by investigators working on the mantle PD. Istin and Maetz (1964) obtained high, stable PD'S in low calcium solutions equilibrated with 5% CO2. Kirschner et al. (1960) found that PD'S were stable, but nearly an order of magnitude smaller. Their solutions, equilibrated with air, were essentially COs-free; Fig. 9 shows that this accounts for the depression. Lund (1947) used electrodes in a very small volume of external medium. Even a small net calcium flux would cause the concentration to rise in the shell solution in his system. In addition, the large surface offered by a few drops of external medium would permit the rapid loss of metabolic CO2, and hence decrease CO, tension. Both factors would cause the PD to decrease with time and to approach zero.
The adaptive significance of such a system operating in vivo is clear. It is well-known that clams can move calcium in either direction across the mantle depending on the availibility of oxygen (Dugal, 1939) . Under aerobic conditions net movement toward the shell is adequate for normal rates of growth and repair of that structure. But when the animal is forced to live anaerobically, the shell serves as a reservoir of buffer needed to neutralize metabolic acids, and net transfer is from shell to hemolymph. A thermodynamically passive, but chemically selective mechanism for calcium transfer would provide the ease of reversal actually found. Such observations on the intact clam, as well as some of our results, are compatible with the idea that ion movement is controlled by the mantle's metabolic pattern, specifically by the rate of cellular CO, production and hydration. 
